Introduction {#s1}
============

Chemokines (chemotactic cytokines) constitute a large family of cytokines that are so named based on their ability to recruit leukocytes. They act primarily as part of the selective movement of specific cell types into and out of specific tissue microenvironments during basal trafficking as well as inflammatory processes. Chemokines are divided into four different subfamilies (CXC or α-, CC or β-, CX ~3~C or γ- and C or δ-chemokines) \[[@B1],[@B2]\]. The majority of activities attributed to chemokines are induced by interaction with seven-transmembrane G protein-coupled receptors (7-TM GPCRs) expressed on their target cells. Approximately 50 chemokines and 20 chemokine receptors have been identified to date, with 7-TM GPCRs identified for all but two chemokines. The chemokine-receptor system appears to be highly promiscuous, as several chemokines are able to bind more than one receptor and several receptors bind more than one chemokine. However this overlap in chemokine binding maybe due to *in vitro* studies, whereas *in vivo* the leukocyte recruitment could be highly specific and regulated based on the temporal and spatial distribution of chemokines.

Chemokines have been shown to bind to GAGs present on the surface of endothelial and leukocyte cells and the extracellular matrix \[[@B3],[@B4]\]. This chemokine-GAG interaction is thought to facilitate the immobilization of chemokines resulting in the formation of localized gradients, which are required for the directional cell migration. Furthermore it was shown that the chemokine immobilization on GAGs can enable certain chemokines to oligomerize, which was shown to be essential for their *in vivo* activities \[[@B5]\]. GAG binding has also been proposed to play a role in receptor activation by chemokine binding to GAGs on the leukocyte surface where they can then facilitate receptor binding, defined as cis-presentation \[[@B6],[@B7]\].

CCL18 was discovered by independent groups 15 years ago and was originally termed pulmonary and activation-regulated chemokine (PARC) \[[@B8]\], macrophage inflammatory protein-4 (MIP-4) \[[@B9],[@B10]\], dendritic cell-chemokine 1 (DC-CK1) \[[@B11]\] and alternative macrophage activation-associated CC-chemokine-1 (AMAC-1) \[[@B12]\]. CCL18 has been described to induce activation of intracellular calcium mobilization \[[@B13],[@B14]\] and actin polymerization \[[@B13],[@B15]\], and mediate various biological functions such as chemotactic responses \[[@B8],[@B11],[@B13],[@B15]--[@B20]\], stimulation of collagen production in fibroblasts \[[@B21],[@B22]\], monocyte maturation into an M2 phenotype \[[@B23]\] and the generation of adaptive regulatory T cells \[[@B24]\]. The chemotactic response has been shown to be pertussis toxin sensitive indicating that its receptor is a member of the GPCR superfamily, but its identification has remained elusive to date.

CCL18 is constitutively present in the circulation at rather high concentrations and enhanced levels have been demonstrated in several diseases \[[@B25],[@B26]\]. Therefore CCL18 might be implicated in homeostatic processes but may also play a role in several human diseases, which have been reported to be accompanied with elevated levels of CCL18, including various malignancies, fibrotic lung diseases and inflammatory joint and skin diseases \[[@B25]\]. Interactions of CCL18 with the chemokine receptor CCR3 have been reported, on which it exhibits antagonistic activity, but does not signal \[[@B27]\]. More recently an additional modulatory activity of CCL18 has been reported with the chemokine-like receptor, G protein-coupled receptor 30 (GPR30) \[[@B28]\], which was shown to result in the diminution of CXCR4-dependent responses. Whilst the classical 7-TM receptor for CCL18 remains to be identified, PITPNM3 has been reported to mediate the CCL18 induced recruitment of tumor cells \[[@B29]\].

We report here a potential anti-inflammatory role of CCL18. We extended the reported observation that CCL18 inhibits CCL11- and CCL13- induced cellular recruitment of human eosinophils mediated by CCR3 \[[@B27]\] and showed that it also inhibits the chemotactic responses of other CCR3 agonists, namely CCL5, CCL15 and CCL26. By studying its molecular mechanism of action on CCR3 we showed that CCL18 behaves as a competitive antagonist in functional assays. The binding capacity of radiolabelled CCL18 suggests that it is only able to bind to a sub-population of the total CCR3 receptors, which is reflected by the inefficient displacement of CCR3 bound CCL11 by CCL18. Importantly we showed that CCL18 is able to inhibit the cellular recruitment mediated by other chemokine receptors. CCL18 is able to inhibit CCR1, CCR2, CCR4 and CCR5 mediated chemotactic responses to a variety of ligands, whereas no inhibitory activity was observed on CCR7 and CCR9 mediated responses as well as the CXC receptors, CXCR3 and CXCR5. This inhibitory effect of CCL18 on the cellular recruitment of several receptors appears not to be mediated by direct binding to the receptors, but through a GAG binding mechanism since abrogation of GAG binding abrogates the inhibition. We further demonstrated that the CCL18/GAG interaction could be involved in a regulatory role of CCL18 through selectivity in the displacement of GAG bound chemokines by CCL18, suggesting a modulatory role of this interaction, both in cis- and trans-presentation.

Methods {#s2}
=======

Ethics statement {#s2.1}
----------------

Blood samples of healthy donors were obtained from the "Centre de transfusion sanguine, Hôpital Universitaire de Genève, 6, rue Gabrielle Perret-Gentil, 1211 Genève 14" (http://labos.hug-ge.ch/) and analysed anonymously. In accordance with the ethical committee of the Geneva Hospital, the blood bank obtained informed consent from the donors, who are thus informed that part of their blood will be used for research purposes.

Reagents {#s2.2}
--------

Chemokines were purchased from PeptroTech or produced as previously described \[[@B30]\]. Radiolabelled CCL11, ^125^I-CCL11 (catalogue number NEX314) was purchased from PerkinElmer.^^[125](#fn1)^^ I-CCL18 was obtained from Anawa. The heparin used in the assay was obtained from Sigma (unfractionated heparin sodium salt, 5-30 kDa, catalogue number H3393).

Inhibition of Chemotaxis {#s2.3}
------------------------

Inhibition of chemotaxis was performed using 96-well microplates (Neuro Probe ChemoTx) with 300.19/CCR1 and L1.2/CCR2-5 transfectants. L1.2 transfectants were cultured in RPMI 1640 medium containing 10% inactivated fetal calf serum (FCS), L-glutamine (5 mM), 50 U/ml Penicillin/Streptomycin (P/S), 0.05 mM β-mercaptoethanol and 0.6 mg/ml Geneticin G-418. 300.19 transfectants were cultured in RPMI 1640 medium containing 10% inactivated FCS, Glutamax (1 mM), 50 U/ml P/S, 0.05 mM β-mercaptoethanol, 1 mM Minimum essential medium nonessential amino acid (MEN- NEAA), 1 mM Sodium Pyruvate, 1.5 µM Puromycin. L1.2 and 300.19 transfectants were maintained in a humidified incubator at 37 °C with 5% CO~2~ and diluted every three days to a final concentration of 0.5×10^6^ cells/ml. The day before the inhibition assay, n-butyric acid (5 mM) was added to the culture medium. At the day of the experiment cells were centrifuged for 5 min at 600 × *g* and suspended at a concentration of 3×10^6^ cells/ml in RPMI medium without red phenol containing 5% FCS, 5 mM L-glutamine and 50 U/ml P/S. Inhibition of chemotaxis was performed using:

1.  A constant concentration of the receptor agonist close to the value corresponding to 80% of the maximal effective concentration (EC~80~) incubated with a serial dilution of the antagonist covering the range from 10^-6^-10^-12^ M in RPMI medium without red phenol containing 5% FCS, 5 mM L-glutamine and 50 U/ml P/S. Agonist and antagonist were placed in the lower chamber of the chemotaxis plate (33 µl) and a membrane of 8 µm pore size was placed on the plate. 20 µl of cells (60×10^4^ cells) were placed on top of the membrane of each well.

2.  A dose response of the receptor agonist in the presence of a constant concentration of receptor antagonist. The agonist was diluted at 0.01 mg/ml (1.25 µM) in RPMI medium without red phenol containing 5% FCS, 5 mM L-glutamine and 50 U/ml P/S containing 0 nM, 100 nM, 1 µM, 10 µM or 40 µM CCL18 and serially diluted 4-fold to cover a concentration range from 10^-6^-10^-12^ M. Agonist and antagonist were placed in the lower chamber (33 µl) of the chemotaxis plate, followed by a membrane of 8 µm pore size and 20 µl of cells (60×10^4^ cells).

The chambers containing the L1.2 transfectants were incubated for 4 h and the 300.19 transfectants for 2 h at 37 °C with 5% CO~2~. The cells were removed with PBS and migrated cells were transferred to a black 96-well plate by using a 96-well funnel adaptor. Cells were frozen overnight at -80 °C and the number of migrated cells was determined using the Cell Proliferation assay CyQUANT kit. The fluorescence bound to DNA after cell lysis was measured at 480 nm excitation and 520 nm emission using a Fluorimeter reader.

Ca^2+^ mobilization Assay {#s2.4}
-------------------------

The Ca^2+^ mobilization assay was performed using L1.2/CCR3 transfectants as previously described \[[@B31]\]. The day before the inhibition assay, n-butyric acid (5 mM) was added to the culture medium. Cells were added at a concentration of 10,000 cells per well. CCL11 was dissolved at 4 µM and diluted by 2-fold serial dilutions to cover a range from 10^-10^ to 10^-6^ M. For Schild analysis, assays were performed with serial dilutions of CCL11 in the presence of CCL18 at a final concentration of 10 nM, 100 nM, 500 nM, 1 µM, 5 µM or 10 µM CCL18.

Schild Plot Analysis of Ca^2+^ Mobilization Assay {#s2.5}
-------------------------------------------------

EC~50~-values were calculated using the Graph Pad Prism 5 software. EC~50~ dose ratios were calculated by the division of the EC~50~ values of the maximal response of CCL11 induced Ca^2+^ mobilization in the presence of a specific antagonistic concentration by the EC~50~ value without antagonist. Schild plot analysis were performed with log \[dose ratio -1\] as the ordinate and log \[molar concentration of the antagonist\] as the abscissa to estimate the slope and pA~2~ value.

Equilibrium Competition Binding Assays {#s2.6}
--------------------------------------

Receptor binding assays were carried out on primary cells or chemokine receptor transfectants as previously described using the MultiScreen HTS 96-well filtration system \[[@B32]\]. Briefly the assay was performed using iodinated chemokine at a final concentration of 0.1 nM and 0.1 ×10^6^ cells/well. The competitor was diluted serially to cover a range between 10^-6^ to 10^-12^ M unless stated otherwise. The plates were incubated at room temperature under gentle agitation for 4 h. The filter plates were washed three times using a vacuum pump in order to remove unbound iodinated chemokine. Finally scintillant was added to each well and the radioactivity measured using a β-scintillation counter**.**

Receptor binding by Flow cytometry {#s2.7}
----------------------------------

L1.2 transfectants were cultured and activated as described above. On the day of experiment, cells were suspended at 5 ×10^6^ cells/ml in FACS buffer (PBS containing 0.1% bovine serum albumin and 0.01% azide). Alexa 647-CCL18 (Almac) was added to 10^6^ cells at a final concentration of 1, 10, or 100 nM and cells were incubated for 1 h at 4 °C in the dark. Cells were then centrifuged and washed twice with FACS buffer before being passed through a FACSCalibur flow cytometer (BD Biosciences). Data were analysed with CellQuest Pro software (BD Biosciences).

Generation of ^44^AAGA^47^-CCL18 {#s2.8}
--------------------------------

^44^AAGA^47^-CCL18 was generated and produced as previously described \[[@B33]\]. Briefly the ^44^AAGA^47^-CCL18 mutant was generated by PCR mutagenesis using the primer pairs ^44^AAGA^47^ \_forward 5\`CCT CCT AAC CGC CGC CGG CGC CCA GAT CTG TGC TGA CCC C and ^44^AAGA^47^ \_reverse 5\` GGG GTC AGC ACA GAT CTG GGC GCC GGC GGC GGT TAG GAG G. The mutations were introduced in a single step PCR reaction followed by digesting the parental plasmid DNA with *Dpn1*. The protein was produced by transient expression carried out in HEK293-6E cells and purified by Ni^2+^ affinity chromatography.

Purification of peripheral blood leukocytes (PBL) {#s2.9}
-------------------------------------------------

Mononuclear cells were purified from fresh blood by Ficoll gradient centrifugation (Ficoll-Paque PLUS, GE Healthcare). The mononuclear fraction was separated further into monocytes and lymphocytes by allowing the monocytes to adhere to tissue culture plastic in RPMI 1640 containing 10% FCS, 5 mM L-Glutamine and 50 U/ml Penicillin/Streptomycin (P/S) for 120 min at 37 °C. The nonadherent lymphocytes in the supernatant were removed and used for bioassays.

Immobilized Heparin Competition Binding Assay {#s2.10}
---------------------------------------------

Heparin binding assays were performed by incubating 1 µM chemokines on heparin-coated plates for 30 min. Heparin-bound chemokines were competed by adding 5 M NaCl, 1 µM, 100 nM or 10 nM CCL18 and incubated for 4 h at room temperature under gentle agitation. Supernatant was used to determine the amount of displaced chemokine using the Luminex technology (Custom Human 27-Plex Cytokine Panel, LEGENDplex).

Data plotting and statistical analysis {#s2.11}
--------------------------------------

Graphical representation was performed using GraphPad Prism version 6.0. To evaluate statistical significance t-test analysis was applied. Statistical significance was assigned as follows: P \> 0.05 ns; P \< 0.05\*; P \< 0.01\*\*; P \< 0.001\*\*\*.

Results {#s3}
=======

CCL18 is a competitive antagonist of CCR3 {#s3.1}
-----------------------------------------

The ability of CCL18 to inhibit CCL11- and CCL13-induced chemotactic responses of human eosinophils has previously been reported \[[@B27]\]. We show here that it is able to inhibit the chemotactic responses of other CCR3 agonists ([Figure 1A](#pone-0072321-g001){ref-type="fig"}). Using EC~80~ concentrations, 1 nM CCL11, 10 nM CCL5 and CCL26 and 100 nM CCL15, the IC~50~ values were 317.6 ± 48.77 nM for CCL11, 40.79 nM for CCL5, 2.86 nM for CCL15 and 123.4 nM for CCL26. Thus CCL18 inhibits CCR3 mediated chemotactic responses induced by several CCR3 agonists.

![CCL18 inhibits chemotactic responses induced by several CCR3 agonists and behaves as a competitive antagonist in functional studies.\
A) Inhibition of chemotaxis assay using L1.2/CCR3 transfectants. Chemotaxis inhibition assays were performed using a constant concentration of receptor agonist close to the EC~80~, 1 nM CCL11 (○), 10 nM CCL5 (▲), 100 nM CCL15 (◊) and 10 nM CCL26 (♦) in the presence of an increasing concentration of CCL18. CCL18 inhibits the chemotactic responses induced by CCL5 (IC~50~: 40.79 nM), CCL11 (IC~50~: 396.7 nM), CCL15 (IC~50~: 2.86 nM) and CCL26 (IC~50~: 123.4 nM). Data are expressed in % of chemotactic response. Data points are in triplicate. The number of experiments is indicated in [Table 1](#tab1){ref-type="table"}. B) CCL18 inhibits CCL11-induced chemotactic responses of L1.2/CCR3 transfectants. Inhibition of chemotaxis was performed using a dose--response of CCL11 (●) in the presence of a constant concentration of 100 nM (Δ), 1 µM (■), 10 µM (♦) and 40 µM (○) CCL18. Data points are in triplicate. Data are expressed as mean ± SEM. One representative experiment out of two is shown. C) Ca^2+^ mobilization assay in L1.2/CCR3 transfectants after stimulation with a dose response of CCL11 (●) in the presence of a constant concentration of 50 nM (○), 100 nM (Δ), 500 nM (□), 1 µM (■), 3 µM (♦) and 5 µM CCL18 (▲). The presence of CCL18 resulted in an increase the EC~50~ of the CCL11-induced Ca^2+^ release in a concentration dependent manner: 0 nM CCL18 (EC~50~: 69.93 nM), 50 nM CCL18 (EC~50~: 144.4 nM), 100 nM CCL18 (EC~50~: 210.6 nM), 500 nM CCL18 (EC~50~: 669.5 nM), 1 µM CCL18 (EC~50~: 1395 nM), 3 µM CCL18 (EC~50~: 4439 nM), 5 µM CCL18 (EC~50~: 10530 nM). Data points are in duplicate. One representative experiment out of two is shown. D) Investigation of the effect of CCL18 on CCR3-mediated cellular responses by Schild regression analysis. The EC~50~ values obtained in Ca^2+^ mobilization studies were used to calculate dose ratios. The dose ratios obtained were plotted as a regression of log (dose ratio -1) versus log of molar concentrations of the antagonist CCL18. The results revealed that CCL18 is compatible with a competitive type of antagonism. One representative experiment out of two is shown.](pone.0072321.g001){#pone-0072321-g001}

We next investigated the molecular mechanism of inhibition to determine whether CCL18 acts as an allosteric modulator or a competitive antagonist. Chemotactic responses to a dose response of CCL11 in the presence of an increasing constant concentration of CCL18, showed a dextral shift in the presence of 1, 10 and 40 µM ([Figure 1B](#pone-0072321-g001){ref-type="fig"}). However the maximal response to the CCL11 induced chemotaxis decreased concomitantly, preventing a Schild plot analysis.

Calcium mobilization assays were therefore performed using L1.2/CCR3 transfectants. CCL11 induced a concentration-dependent mobilization of calcium release with an EC~50~ of 54.53 ± 15.4 nM. Inhibition of CCL11 induced calcium mobilization was performed with incremental constant concentrations of CCL18. Again, dextral shifts in the responses were observed, which reached the plateau maximum ([Figure 1C](#pone-0072321-g001){ref-type="fig"}). The EC~50~ values obtained were used for subsequent Schild plot analysis \[[@B34]\], which refer to an equation in which the EC~50~ concentrations of agonist are used to calculate dose ratios. These ratios refer to equiactive concentrations of agonist measured in the presence and absence of antagonist. The dose ratios obtained were plotted as a regression of log (dose ratio -1) versus log of molar concentrations of the antagonist CCL18. The regression of log \[Dose Ratio -1\] versus log \[CCL18\] gave a linear slope of 0.994 ± 0.052, which defines a competitive mode of antagonism ([Figure 1D](#pone-0072321-g001){ref-type="fig"}).

The linear relationship enables the graphical estimation of the antagonistic potency, which can be estimated by calculating the pA~2~ value \[[@B34]\]. The pA~2~ value of a competitive antagonist is defined as the negative logarithm of the molar concentration of an antagonist that equals to a log (Dose Ratio -1) of 0, which reduces the effect of a dose of agonist to that of half of the agonistic dose \[[@B35]\]. Thus the pA~2~ value can be equalized to the pK~B~ value in a linear Schild regression, which refers to the affinity of the antagonist for the receptor. Based on the Schild regression analysis pA~2~ values of -7.34 and -7.28 were obtained, in two independent experiments. This results in an antagonistic affinity of 45.7 nM and 52.48 nM of CCL18 on CCR3.

Equilibrium competition CCR3 receptor binding assays {#s3.2}
----------------------------------------------------

Competition for ^125^I-CCL18 or ^125^I-CCL11 binding to L1.2/CCR3 transfectants did not show similar heterologous displacement. Both CCL18 and CCL11 competed for ^125^I-CCL18 binding with IC~50~ values of 6.80 ± 1.39 nM and 21.91 ± 15.92 nM, respectively ([Figure 2A](#pone-0072321-g002){ref-type="fig"}). However intriguing results were obtained by examining the ability of CCL18 and CCL11 to displace ^125^I-CCL11. CCL11 competed ^125^I-CCL11 binding with an IC~50~ of 7.4 ± 3.78 nM, whereas only a minor displacement by CCL18 was obtained ([Figure 2B](#pone-0072321-g002){ref-type="fig"}). However the maximum number of counts of ^125^I-CCL18 bound was approximately 500 counts per minute (cpm) compared to 4000 cpm for ^125^I-CCL11, indicating a lower binding capacity of CCL18 to CCR3. The radioactivity of the iodinated proteins was between 2000 and 2200 Ci/mmol and their identical specific radioactivity was adjusted and verified. Therefore the displacement of ^125^I-CCL11 by CCL18 observed corresponds to approximately 10% of the bound tracer.

![CCL18 does not compete CCL11 for CCR3 binding.\
Equilibrium competition binding assay using L1.2/CCR3 transfectants. A) Binding of ^125^I-CCL18 was competed by an increasing concentration of CCL18 (IC~50~: 8.86 nM) and CCL11 (IC~50~: 1.69 nM). One representative experiment out of four is shown. B) ^125^I-CCL11 binding was competed by an increasing concentration of CCL11 (IC~50~: 13.2 nM), whereas only a partial displacement was obtained in the presence of CCL18. One representative experiment out of two is shown. Data points are in triplicate and are expressed as mean ± SEM.](pone.0072321.g002){#pone-0072321-g002}

CCL18 antagonizes signalling mediated by CCR1, CCR2, CCR4 and CCR5 {#s3.3}
------------------------------------------------------------------

To extend the observation that CCL18 inhibits CCR3-mediated responses we investigated its inhibitory effect further on CC- and CXC-mediated responses in chemotaxis inhibition studies. We analysed the inhibitory effect of CCL18 on CCR1, 2, 4, 5, 7 and 9 as well as CXCR3 and 5 mediated responses using EC~80~ ligand concentrations of the agonists. As shown in [Figure 3](#pone-0072321-g003){ref-type="fig"}, CCL18 inhibited ligand induced chemotaxis mediated by CCR1, CCR2, CCR4 and CCR5, and the results are summarized in [Table 1](#tab1){ref-type="table"}. It should be noted that the IC~50~ values show potencies that are reminiscent of chemokine-GAG interactions as opposed to nanomolar values usually observed for receptor interactions. Simple inhibition was observed with the exception of CCR2, where a two site inhibition was systematically observed. However, no inhibitory effect was observed on CCR7, 9 and CXCR3 and 5 mediated responses ([Figure 4](#pone-0072321-g004){ref-type="fig"}).

![CCL18 inhibits CCR1, CCR2, CCR4 and CCR5-mediated chemotactic responses.\
A) Inhibition of 1 nM CCL5 (IC~50~: 403.3 nM) and 1 nM CCL3 (IC~50~: 263.1 nM) mediated chemotactic responses of 300.19/CCR1 transfectants. B) Inhibition of 1 nM CCL2 (IC~50~: 1.38 nM and 5.3 µM) and 30 nM CCL13 (IC~50~: 1.43 nM and 2.58 µM) mediated chemotactic responses of L1.2/CCR2 transfectants. C) Inhibition of 1 nM CCL22 (IC~50~: 85.5 µM) and 1 nM CCL17 (IC~50~: 2.28 µM) mediated chemotactic responses of L1.2/CCR4 transfectants. D) Inhibition of 1 nM CCL3L1 (IC~50~: 3.52 µM) and 1 nM CCL4 (IC~50~: 205.4 nM) mediated chemotactic responses of L1.2/CCR5 transfectants. The number of experiments is indicated in [Table 1](#tab1){ref-type="table"}. Data are expressed as mean ± SEM.](pone.0072321.g003){#pone-0072321-g003}

###### CCL18 inhibition of chemotactic responses.

  **Receptor**   **Agonist**   **Conentration in \[nM\]**   **IC~50~ in \[nM\]**   **n**
  -------------- ------------- ---------------------------- ---------------------- -------
  CCR1           CCL3          1                            825.7 ± 351.3          3
                 CCL5          1                            803.2 ± 321.8          3
  CCR2           CCL2          1                            1.6 ± 0.3              3
                                                            4100 ± 1400            
                 CCL13         30                           10.5 ± 8.5             4
                                                            2700 ± 900             
  CCR3           CCL5          10                           40.8                   1
                 CCL11         1                            317.6 ± 48.8           7
                 CCL15         100                          2.9                    1
                 CCL26         10                           123.4                  1
  CCR4           CCL17         1                            1500 ± 600             2
                 CCL22         1                            42600 ± 20900          3
  CCR5           CCL3L1        1                            6000 ± 2900            2
                 CCL4          1                            213.0                  1
                 CCL4          10                           6900 ± 4900            2
                 CCL5          1                            13600 ± 10000          2

IC~50~ values are expressed as mean ± SEM except for results from a single experiment.

![CCL18 does not have an inhibitory effect on CCR7, 9, CXCR3 and 5-mediated chemotactic responses.\
Inhibition of chemotaxis assay of A) 10 nM CCL19 mediated chemotactic response of T lymphocytes. One representative experiment out of two is shown. B) 40 nM CCL25 mediated chemotactic response of MOLT-4. One representative experiment out of four is shown. C) 1 nM CXCL11 mediated chemotactic response of L1.2/CXCR3 transfectants and D) 10 nM CXCL13 mediated chemotactic response of L1.2/CXCR5 transfectants in the presence of an increasing concentration of CCL18. One representative experiment out of two is shown. Data are expressed as chemotaxis index ± SEM. Data points are in triplicate.](pone.0072321.g004){#pone-0072321-g004}

Binding of Alexa 647-CCL18 to receptor transfectants {#s3.4}
----------------------------------------------------

FACS analysis of the ability of Alexa 647-CCL18 binding to the L1.2 parental cell line and to CCR2, CCR3, CCR4 and CCR5 L1.2 transfectants demonstrated that specific binding was only observed in the case of CCR3 ([Figure 5](#pone-0072321-g005){ref-type="fig"}). The high propensity of CCL18 to bind to cell surface GAGs is manifest in that CCL18 demonstrates low binding to untransfected cells, which is again seen with the CCR2, CCR4 and CCR5 transfectants, but only in the case of the CCR3 transfectants is specific dose related binding observed. Thus the inhibition of cell migration seen in [Figure 4](#pone-0072321-g004){ref-type="fig"} cannot be due to competition for receptor binding in the case of CCR2, CCR4 and CCR5, leading to the hypothesis that GAG binding may be playing a role.

![Binding of CCL18 to L1.2 receptor transfectants.\
A) Untransfected L1.2 cells were incubated with 1 (―), 10 (····) or 100 (-‒) nM Alexa 647-CCL18 and analyzed by flow cytometry. B) Incubation of 100 nM Alexa 647-CCL18 with L1.2/CCR2 (····), CCR4 (-‒) or CCR5 (▬) cells and untransfected L1.2 (―) as negative control. C) A dose-dependent binding of CCL18 to L1.2/CCR3 transfectants was clearly visible when using 1 (―), 10 (····) or 100 (-‒) nM Alexa 647-CCL18. Untransfected L1.2 stained with 100 nM CCL18 (▬) are shown as control. One representative experiment out of two is shown.](pone.0072321.g005){#pone-0072321-g005}

The BBXB motif in the 40's loop of CCL18 contributes to receptor inhibition {#s3.5}
---------------------------------------------------------------------------

This BBXB motif, located in the 40's loop, has been shown to be responsible for the GAG binding ability of CCL18 \[[@B33]\]. The ability of the GAG binding mutant ^44^AAGA^47^-CCL18, in which the basic residues of the ^44^KRGR^47^ cluster are mutated into alanine residues, to bind to CCR3 in receptor binding studies was assessed. The ability of ^44^AAGA^47^-CCL18 to compete for ^125^I-CCL18 binding was impaired compared to CCL18 (data not shown), indicating a role of the ^44^KRGR^47^ motif in CCR3 receptor binding and in inhibition of functional responses ([Figure 6A](#pone-0072321-g006){ref-type="fig"}). Similarly ^44^AAGA^47^-CCL18 was unable to inhibit CCR4 and CCR5 mediated chemotaxis ([Figure 6B and C](#pone-0072321-g006){ref-type="fig"}).

![The ^44^KRGR^47^ cluster of CCL18 in the 40's loop is involved in the interaction with CCR3, CCR4 and CCR5.\
A) L1.2/CCR3 transfectants migrating to 1 nM CCL11 was inhibited by CCL18-6His (●) (IC~50~: 168.4 nM). B) L1.2/CCR4 transfectants migrating to 1 nM CCL17 was inhibited in the presence of CCL18-6His (IC~50~: 4.24 µM). C) CCL18-6His inhibited migration of L1.2/CCR5 transfectants induced by 10 nM CCL4 with an IC~50s~ of 2.2 µM. No inhibitory effect was obtained in the presence of ^44^AAGA^47^-CCL18-6His (◊). One representative experiment out of two is shown.](pone.0072321.g006){#pone-0072321-g006}

![A broad spectrum of chemokines displaces ^125^I-CCL18 bound to the cell surface of PBL.\
Equilibrium competition binding assay on PBL using ^125^I-CCL18 and a full spectrum of chemokines. A) CC-chemokines and B) CXC-chemokines, XC and CX ~3~C chemokines. Binding of ^125^I-CCL18 was competed by a constant concentration of 1 µM competitor. The binding of ^125^I-CCL18 in the absence of competitor was equalized to 100% of binding (No inhibitor). The data are expressed in % of total binding. Graph represents the mean ± SEM of *n* independent experiments (in brackets) performed in triplicate.](pone.0072321.g007){#pone-0072321-g007}

Heterologous displacement of immobilized chemokines {#s3.6}
---------------------------------------------------

The ability of chemokines to displace radiolabelled CCL18 bound to PBLs was assessed. As shown in [Figure 7](#pone-0072321-g007){ref-type="fig"}, displacement was only observed with certain chemokines but belonging to both major sub-classes. CCL1, 11, 19, 25 and 26 were almost as efficacious as heparin, whilst intermediate displacement was observed for other CCR2, 3, 4 and 5 ligands. In accordance with their weak GAG binding properties, CCL3 and CCL4 showed no displacement, but CCL2 and CXCL8, which have similar GAG binding properties \[[@B36]\] differed in this assay as CCL2 was unable to displace CCL18, whereas CXCL8 was efficacious. CCL5 which has been shown to have very strong binding capacity to GAGs, and shows a wide range of selectivity, with three orders of magnitude differences in IC~50~ values for various GAG families \[[@B36]\], was unable to achieve complete displacement of CCL18. In general the CXC ligands were more efficient in displacing CCL18 bound to PBLs.

![CCL18 displacement of heparin bound chemokines.\
Heparin bound chemokines were displaced by 10 nM (dark gray), 100 nM (gray) and 1 µM (light gray) CCL18. Chemokines in the supernatants were detected using the Luminex technology. Amount of chemokine displaced by 5 M NaCl is set to 100% and data are expressed as % of displaced chemokine. Graph represents the mean ± SEM. Data for CXCL8, 10, 13, CCL2, 4, 7, 11 and 17 represent two independent experiments. Using 1 µM CCL18 as competitor a displacement of up to 50% GAG-bound chemokine was obtained.](pone.0072321.g008){#pone-0072321-g008}

We then performed the analysis in the opposing sense where we investigated the ability of CCL18 to displace chemokines bound to heparin, which is an *in vitro* approximation of trans-presentation. The analysis was limited to the chemokines that were available in the Luminex kit. We determined the total amount of chemokine bound to heparin, which varies among different chemokines by measuring that displaced by 5 M NaCl. The amount of chemokine displaced by CCL18 was then compared to the amount displaced by 5 M NaCl. As shown in [Figure 8](#pone-0072321-g008){ref-type="fig"}, convincing displacement was only achieved with the highest concentration of CCL18, but again the results demonstrated selectivity. The pattern observed correlated to some but not all interactions observed in the assay measuring displacement from the leukocytes. No displacement was observed for CCL5, suggesting in this case that the interaction between CCL5 and heparin is stronger than that between CCL18 and heparin. Whilst CXCL10 and CXCL11 displaced CCL18 from the surface of PBLs, CCL18 did not displace them from heparin, again demonstrating their strong interaction with this GAG. CCL2 and CCL4 did not displace CCL18, but they were displaced by CCL18, which is correlated by their relatively low affinity for heparin \[[@B36]\].

Discussion {#s4}
==========

CCL18 has been reported to inhibit CCR3-mediated chemotactic responses \[[@B27]\] as well as to act as a modulator of CXCR4-dependent responses via the interaction with GPR30 \[[@B28]\]. These reports and the fact that CCL18 is constitutively present at high levels in human plasma, yet has a poor chemotactic activity, led us to further investigate its ability to inhibit other chemotactic responses mediated by homeostatic as well as inflammatory chemokines.

CCL18 abrogated CCR1, 2, 4 and 5 mediated chemotactic responses, whereas no effect was observed on chemotactic responses mediated by CCR7 and CCR9 or on CXCR3 and CXCR5 expressing cells. Thus CCL18 appears to inhibit chemokine receptors involved in inflammation, rather than those whose principal role is homeostasis.

The concentrations at which CCL18 exhibits its inhibitory activity are relatively high, but could be of physiological relevance since the concentration of the active chemokine compartment, believed to be that which is immobilized on cell surfaces, resulting in local high concentrations, is not measurable. Circulating CCL18, which would reflect the total amount, is constitutively present at high levels (20 ng/ml) but in disease is unregulated 4-fold \[[@B26]\]. In addition several human diseases have been reported to be accompanied with elevated levels of CCL18, in which the leukocyte recruitment was out of control (reviewed in [@B25]). For example in synovial fluids from septic arthritis and rheumatoid arthritis patients levels of 140 ng/ml and 190 ng/ml CCL18 were determined, respectively, whereas in the non-inflammatory conditions of osteoarthritis and crystal induced arthritis, the levels of CCL18 are 34 and 38 ng/ml \[[@B37]\].

Certain chemokines have been reported to antagonise receptors other than their functional receptors. The CXCR3 ligands CXCL9, CXCL10 and CXCL11 were shown to act as antagonists for CCR3 \[[@B38]\], CCL11 was shown to be a natural antagonist for CCR2 \[[@B39]\] and CCL7 for CCR5 \[[@B40]\]. Thus these antagonistic effects of chemokines reflect a role for the fine-tuning of cellular responses mediated by an interplay of agonistic and antagonistic effects.

The antagonistic molecular mechanism of action of CCL18 on CCR3 based on its effect on functional responses of Ca^2+^ mobilization revealed that CCL18 acts as a surmountable antagonist showing no diminution in maximal response, demonstrating competitive inhibition. By definition an antagonist is termed competitive, when both agonist and antagonist compete for the same binding domain on the receptor, and thus bind in an orthosteric manner, and the relative affinity and concentrations of the agonist and antagonist determine which molecule occupies the binding site \[[@B41]\]. However as we used a functional assay in order to determine the molecular mechanism of action it is not possible to draw conclusions regarding the initial binding event. Equilibrium competition binding assays on L1.2/CCR3 transfectants suggested that CCL18 is not a pure competitive inhibitor, since CCL18 does not fully compete ^125^I-CCL11 binding.

Chemokine receptors have been reported to be found in different states, coupled, R\*, and uncoupled, R \[[@B42]\]. For CXCR3, CXCL11 binds to both states whereas CXCL10 only binds to the R\* form. Our results could be explained by the following hypothesis. CCL11 is able to bind to both receptor states, R and R\*. However ^125^I-CCL18 only binds to one of these, as demonstrated by the considerably lower number of courts, only about 10% of those of ^125^I-CCL11, whereas both proteins had the same specific radioactivity. Since CCL18 is a competitive antagonist in the functional assay, it would appear that the same binding site for the two ligands is found on the R\* state, hence CCL18 binds to this form. Whilst CCL18 is unable to totally displace bound CCL11, but is able to achieve complete inhibition of CCL11 mediated chemotaxis, is attributed to the fact that it binds to the activated R\* state, which is the state that mediates functional effects. It is possible that a large proportion of the CCR3 receptors are found uncoupled in the L1.2 transfectants, since the number of receptors expressed may be far greater than the appropriate G proteins. Despite the fact that CCL18 binds to the R\* state no activation of this receptor has been observed, either in induction of chemotaxis (data not shown) or in receptor internalization \[[@B33]\].

The studies of the interaction of CCL18 with CCR3 described here, as well as those previously reported, confirm that CCL18 interacts directly with the CCR3 receptor. Since CCL18 is able to inhibit other CC chemokine receptor induced responses, we investigated whether this effect was also due to a direct chemokine-receptor binding event. The inhibitory potencies could suggest a different mechanism since inhibition of CCR3 calcium mobilization and chemotaxis by CCL18 were in the nM range, whereas inhibition of the other receptors was predominantly µM. Analysis of fluorescent CCL18 binding to L1.2 parental cells, and to their transfectants revealed that specific receptor binding was only observed in CCR3 transfectants**.**

Anti-inflammatory properties mediated by CCL18 were further suggested by its ability to displace GAG-bound chemokines. The chemokine/GAG interaction has been proposed to present chemokines to their receptors in either a cis or trans mode \[[@B7]\]. Moreover the fact that chemokine binding to GAGs is necessary for receptor activation has previously been described, since removal of cell surface GAGs abrogates the ability of CCL5 to elicit Ca^2+^ mobilization \[[@B6]\]. We have shown that CCL18 displaces immobilised heparin bound chemokines, representing trans-presentation, which would *in vivo* lead to a disruption of the chemokine gradient and thus of the directional signal for the cells to migrate to the site of inflammation. We have also investigated heterologous displacement of CCL18 bound to cell surface GAGs, by using an equilibrium competition binding assay established with radiolabelled CCL18. Binding of CCL18 to the PBLs could be a combination of receptor binding as well as GAG binding, but since heparin almost totally displaces CCL18 from PBLs, and the ^44^AAGA^47^-CCL18 retains chemotactic activity equivalent to the parent chemokine (data not shown), but has very reduced binding capacity, this suggests that the binding observed is mainly due to GAG binding \[[@B33]\].

Cis-presentation on the leukocyte surface could serve two functions. The first is that this facilitates receptor binding by presenting the chemokine to the receptor. Alternatively, the close association of the proteoglycan to the receptor could act as a sink for the chemokine thereby suppressing receptor binding. The results obtained in this study suggest that CCL18 is able to reduce receptor activation by displacing the GAG bound chemokine, suggesting that for certain receptors cis-presentation is important and enhances activity. This would be the case for CCL11 and CCL26 activation of CCR3, CCL17 and CCL22 activation of CCR4 and CCL5 activation of CCR1 and/or CCR5, since these ligands displace CCL18 to a greater or lesser extent. On the contrary some receptors such as CCR7, CCR9, CXCR3 and CXCR5 activation appear to be independent of cis-presentation as heterologous displacement is observed, but receptor activation is not modulated by CCL18.

Competition with certain pairs suggested additional features. There was no displacement of ^125^I-CCL18 from PBL mediated by CCL4, to be expected since it only binds GAGs weakly, nor by CCL5, which is one of the chemokines that bind GAGs most strongly. This suggests that CCL5 and CCL18 bind to different GAGs on the cell surface demonstrating a differential GAG selectivity. On the other hand, the fact that CCL4 was considerably displaced by CCL18 corroborates their different binding capacity to heparin, whereas CCL5 was not displaced, again in concordance with its heparin binding properties. Displacement of CCL5 needs to be determined from a cell surface GAG such as heparan sulphate, or cultured cells which do not express CCL5 receptors, since heparin is not expressed on cell surfaces, but is found in the circulation, and was used in these preliminary experiments as a model GAG. Thus these results point to a more complex inter-relationship that has been identified to date, and remains to be more fully explored and elucidated. Extension to trans-presentation assays using endothelial cells such as HUVECs, will yield important information concerning the different classes of GAG that mediate binding to the leukocyte or those on the endothelial cell surface.

We have shown that the ^44^KRGR^47^ cluster of CCL18 plays a role in the interaction with CCR3, 4 and 5 since ^44^AAGA^47^-CCL18 shows decreased antagonistic activity. This could be attributed to the prevention of cis-presentation as described above, or to an overlapping epitope of the GAG and receptor binding sites as has previously been observed for GAG binding mutants of CCL5 and CCL3 which have overlapping epitopes for CCR1 and GAG binding \[[@B43],[@B44]\].

Our results have suggested a regulatory or anti-inflammatory role of CCL18 by blocking the cellular recruitment mediated by several receptors as well as the displacement of GAG-bound chemokines, which might result in the disruption of the directional signal for cells to migrate. It remains to be elucidated whether CCL18 exhibits this role *in vivo* and under pathophysiological conditions associated with elevated levels of CCL18.
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